Raw genomic data and assemblies are available from GenBank (project accession numbers PRJNA448181 and PRJEB35880, and individual sample accessions are provided in [S9 Table](#pbio.3000610.s023){ref-type="supplementary-material"}). All processed data files underlying all figures are available from the Dryad digital repository: <https://doi.org/10.5061/dryad.9kd51c5d0>. Scripts used for data analysis are available from <https://github.com/simonhmartin/genomics_general>.

Introduction {#sec001}
============

Structural changes to the genome play an important role in evolution by altering the extent of recombination among loci. This is best studied in the context of chromosomal inversions that cause localised recombination suppression, and can be favoured by selection if they help to maintain clusters of co-adapted alleles (or 'supergenes') in the face of genetic mixing \[[@pbio.3000610.ref001]--[@pbio.3000610.ref004]\]. A greater extent of recombination suppression occurs in the formation of heteromorphic sex chromosomes, which can link sex-specific alleles similarly to supergenes \[[@pbio.3000610.ref005]\]. However, suppressed recombination can also have costs. In particular, male-specific Y and female-specific W chromosomes can be entirely devoid of recombination, making them vulnerable to genetic hitchhiking and the accumulation of deleterious mutations through 'Muller's ratchet', which may explain their deterioration over time \[[@pbio.3000610.ref006]--[@pbio.3000610.ref008]\]. These contrasting benefits and costs of recombination suppression are of particular interest in the evolution of neo-sex chromosomes, which can form through fusion of autosomes to existing sex chromosomes. There is accumulating evidence that neo-sex chromosomes are common in animals \[[@pbio.3000610.ref009]--[@pbio.3000610.ref015]\], but the processes underlying their emergence, spread, and subsequent evolution have not been widely studied. In particular, there are few studied examples of recently formed neo-sex chromosomes that are not yet fixed in a species.

The African monarch (or queen) butterfly *Danaus chrysippus* provides a unique test case for the causes and consequences of changes in genome architecture and recombination suppression. Like its American cousin (*D*. *plexippus*), it feeds on milkweeds and has bright colour patterns that warn predators of its distastefulness. However, within Africa, *D*. *chrysippus* is divided into four subspecies with distinct colour patterns and largely distinct ranges ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}). Predator learning should favour the maintenance of a single monomorphic warning in any single area. For this reason, researchers have long been puzzled by the large polymorphic contact zone in East and Central Africa, where all four *D*. *chrysippus* subspecies meet and interbreed \[[@pbio.3000610.ref016]--[@pbio.3000610.ref018]\] ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}). Crosses have shown that colour pattern differences between the subspecies are controlled by Mendelian autosomal loci, including the tightly linked 'B' and 'C' loci (putatively a 'BC supergene' \[[@pbio.3000610.ref019]\]) that define three common forewing patterns \[[@pbio.3000610.ref020],[@pbio.3000610.ref021]\] ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}). However, crosses with females from the contact zone revealed that the BC chromosome has become sex linked, forming a neo-W that is unique to this population \[[@pbio.3000610.ref019],[@pbio.3000610.ref022]\]. Because female meiosis is achiasmatic (it lacks crossing-over) in the Lepidoptera, the formation of a neo-W would instantaneously cause perfect linkage, not just of the B and C loci but of an entire non-recombining chromosome, along with other maternally inherited DNA.

![Geography and genetics of colour pattern.\
(**A**) Approximate ranges of the four subspecies of *D*. *chrysippus*, with the contact zone outlined. Sampling locations for each of the subspecies and the contact zone are indicated. Cartoon chromosomes show the genotypes of each subspecies at the A (white hindwing patch), B (brown background colour), and C (forewing tip) colour patterning loci, based on previous crosses \[[@pbio.3000610.ref020]\]. Note the linkage of B and C, putatively forming a 'BC supergene' \[[@pbio.3000610.ref019]\]. Two examples of heterozygotes that can be found in the contact zone are shown. Note that *Cc* heterozygotes can exhibit the transiens phenotype with white markings on the forewing, with approximately 50% penetrance. (**B**) Model showing how fusion of the BC autosome to the W chromosome has produced a neo-W (purple) in contact zone females (top left), while males have two autosomal copies of the BC chromosome (top right). Daughters inherit the neo-W, while sons inherit the other BC chromosome haplotype from their mother. The latter allele is then lost due to male-killing by *Spiroplasma*.](pbio.3000610.g001){#pbio.3000610.g001}

What is particularly striking is that the presence of the neo-W coincides with infection by a maternally inherited 'male-killer' endosymbiont related to *Spiroplasma ixodetis*, which kills male offspring and leads to highly female-biased sex ratios where infection is common \[[@pbio.3000610.ref022]--[@pbio.3000610.ref024]\]. The combination of neo-W and male-killing is expected to dramatically alter the inheritance and evolution of the BC chromosome \[[@pbio.3000610.ref022],[@pbio.3000610.ref025]\]: Infected females typically give rise to all-female broods who should always inherit the same colour patterning allele on their neo-W, along with the male-killer, while the other maternal allele is systematically eliminated in the dead sons ([Fig 1B](#pbio.3000610.g001){ref-type="fig"}), forming a genetic sink for all colour pattern alleles not on the neo-W. It has been suggested that the restriction of male-killing to females with the neo-W, and only in the region in which hybridisation occurs between subspecies, may not be a coincidence \[[@pbio.3000610.ref019],[@pbio.3000610.ref022],[@pbio.3000610.ref025]--[@pbio.3000610.ref027]\]. However, the genomic underpinnings of this system---the genetic controllers of colour pattern, the source and spread of the neo-W, and its relationship with the male-killer---have until now remained a mystery. We generated a reference genome for *D*. *chrysippus* and used whole genome sequencing of population samples to uncover the interconnected evolution of the BC supergene, neo-W, and *Spiroplasma*. Our findings reveal a recent whole-chromosome selective sweep caused by hitchhiking between the host and endosymbiont genomes.

Results and discussion {#sec002}
======================

Identification of the BC supergene {#sec003}
----------------------------------

We assembled a high-quality draft genome for *D*. *chrysippus*, with a total length of 322 megabases (Mb), a scaffold N50 length of 0.63 Mb, and a BUSCO \[[@pbio.3000610.ref028]\] completeness score of 94% ([S1](#pbio.3000610.s015){ref-type="supplementary-material"}--[S8](#pbio.3000610.s022){ref-type="supplementary-material"} Tables). We then further scaffolded the genome into a pseudo-chromosomal assembly based on homology with the *Heliconius melpomene* genome \[[@pbio.3000610.ref029]--[@pbio.3000610.ref031]\], accounting for known fusions that differentiate these species \[[@pbio.3000610.ref009],[@pbio.3000610.ref030],[@pbio.3000610.ref032]\] ([S1 Fig](#pbio.3000610.s001){ref-type="supplementary-material"}). We also resequenced 42 individuals representing monomorphic populations of each of the four subspecies and a polymorphic population from a known male-killing hotspot near Nairobi, in the contact zone ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}, [S9 Table](#pbio.3000610.s023){ref-type="supplementary-material"}).

To identify the putative BC supergene, we scanned for genomic regions showing high differentiation between the subspecies and an association with colour pattern. Genetic differentiation (*F*~ST~) and excessive divergence (*d*~XY~) is largely restricted to a handful of broad peaks, with a background *F*~ST~ of approximately zero ([Fig 2A](#pbio.3000610.g002){ref-type="fig"}, [S2 Fig](#pbio.3000610.s002){ref-type="supplementary-material"}, and [S3 Fig](#pbio.3000610.s003){ref-type="supplementary-material"}). This low background level implies a nearly panmictic population across the continent. The effective population size appears to be very large, as average genome-wide diversity at putatively neutral 4-fold degenerate third codon positions is 0.042, which is among the highest values reported for animals \[[@pbio.3000610.ref033],[@pbio.3000610.ref034]\]. The islands of differentiation that stand out from this background imply selection for local adaptation maintaining particular differences between the subspecies, similar to patterns seen between geographic races of *Heliconius* butterflies \[[@pbio.3000610.ref035]\]. However, here the peaks of differentiation are broad, covering several Mb, implying some mechanism of recombination suppression such as inversions that differentiate the subspecies.

![Identification of the BC supergene on Chromosome 15.\
(**A**) Pairwise genetic differentiation (*F*~ST~), plotted in 100-kb sliding windows with a step size of 20 kb across all chromosomes. Three subspecies pairs with sample sizes ≥6 are shown (see legend in panel B), revealing strong overlap in patterns of differentiation. Locations of SNPs most strongly associated with the A, B, and C loci (Wald test, 99.99% quantile) are plotted above in grey, brown, and black, respectively. See [S2 Fig](#pbio.3000610.s002){ref-type="supplementary-material"} for a more detailed plot. (**B**) Expanded plot of *F*~ST~ across a 10-Mb portion of Chromosome 15 (chr15). Note that the first approximately 6 Mb of the chromosome is not included in this plot due to complex structural variation (see main text). Scaffolds are indicated below the plot in alternating shades. The locations of our most likely candidate genes for B (*yellow*) and C (*arrow*) are indicated. (**C**) Allelic clustering on chr15 in six representative individuals: three homozygotes and three heterozygotes (see [S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"} for all individuals, and see panel B for chromosome positions). Coloured blocks indicate 20-kb windows, in which sequence haplotypes could be assigned to one of three clusters based on pairwise genetic distances (see [Methods](#sec009){ref-type="sec"} for details). Windows in grey indicate insufficient relative divergence to be assigned to a cluster, and white indicates missing data. Alleles are named according to the form in which they occur. In heterozygotes, the name of the dominant allele is in bold. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].](pbio.3000610.g002){#pbio.3000610.g002}

The inclusion of the polymorphic contact-zone samples, and the fact that three of the subspecies each carry a unique colour pattern allele ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}), allowed us to identify particular differentiated regions associated with the three major colour pattern traits. A region of approximately 3 Mb on Chromosome 4 is associated with the white hindwing patch (A locus) and a region of approximately 5 Mb on Chromosome 15 (hereafter chr15) is associated with both background orange/brown (B locus) and the forewing black tip (C locus) ([Fig 2A](#pbio.3000610.g002){ref-type="fig"} and [S2 Fig](#pbio.3000610.s002){ref-type="supplementary-material"}). Below, we refer to this region on chr15, which spans over 200 protein-coding genes, as the BC supergene \[[@pbio.3000610.ref019]\], although we note that additional associated SNPs on Chromosome 22 suggest that background wing melanism may also be influenced by other loci.

Clustering analysis based on genetic distances reveals three clearly distinct alleles at the BC supergene ([Fig 2C](#pbio.3000610.g002){ref-type="fig"}). This further supports the hypothesis of recombination suppression, although a number of individuals show mosaic ancestry consistent with occasional recombination ([S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"}). The three main alleles correspond to the three common forewing phenotypes, so we term these *BC*^*chrysippus*^ (orange background with black forewing tip, formerly *bbcc*), *BC*^*dorippus*^ (orange without black tip, formerly *bbCC*), and *BC*^*orientis*^ (brown background with black forewing tip, formerly *BBcc*) ([Fig 2C](#pbio.3000610.g002){ref-type="fig"}). Fifteen of the twenty contact zone individuals are heterozygous, carrying two distinct BC alleles, and a few carry putative recombinant alleles, as do some of the southern African form orientis individuals ([S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"}). As shown previously, *BC*^*dorippus*^ (which includes the dominant *C* allele) and *BC*^*orientis*^ (which includes the dominant *B* allele) are both dominant over the recessive *BC*^*chrysippus*^ ([Fig 2C](#pbio.3000610.g002){ref-type="fig"} and [S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"}).

Although it can be challenging to identify particular functional mutations in regions of suppressed recombination, the presence of some recombinant individuals allowed us to narrow down candidate regions for the B and C loci. A cluster of SNPs most strongly associated with background colour (B locus) is found just upstream of the gene *yellow*, and a phylogenetic network for a 30-kb region around *yellow* groups individuals nearly perfectly by phenotype, although some individuals classed as heterozygous were intermingled with homozygotes ([S5 Fig](#pbio.3000610.s005){ref-type="supplementary-material"}). In *Drosophila*, Yellow expression is associated with variation in melanism \[[@pbio.3000610.ref037]\], and in some butterflies, *yellow* knockouts show reduced melanin pigmentation \[[@pbio.3000610.ref038]\], making this a compelling candidate for the B locus. The strongest associations with forewing tip (C locus) occur at the gene *arrow*, and a phylogenetic network for a 100-kb region around this gene similarly clusters individuals by phenotype ([S5 Fig](#pbio.3000610.s005){ref-type="supplementary-material"}). In *Drosophila*, Arrow is essential for Wnt signalling in wing development \[[@pbio.3000610.ref039]\]. Wnt signalling is known to underlie variation in colour pattern in *Heliconius* butterflies \[[@pbio.3000610.ref040]\], and knockout mutants for the Wnt ligand gene *WntA* in *D*. *plexippus* show a loss of pigmentation \[[@pbio.3000610.ref041]\]. This makes *arrow* a promising candidate for the C locus. While these genes represent our best candidates, numerous strongly associated SNPs occurred closer to other genes in this region ([S10 Table](#pbio.3000610.s024){ref-type="supplementary-material"}). Future studies will aim to narrow down and validate these associations.

Irrespective of their precise mode of action, the patterns of association imply that the B and C loci are approximately 1.6 Mb apart ([S5 Fig](#pbio.3000610.s005){ref-type="supplementary-material"}) and would therefore be fairly loosely linked under normal recombination. This physical distance translates to around 7.6 cM, assuming crossover rates similar to those in *Heliconius* \[[@pbio.3000610.ref031],[@pbio.3000610.ref042]\], whereas the estimated recombination distance between B and C based on crosses is 1.9 cM \[[@pbio.3000610.ref043]\]. Theory predicts that recombination suppression can be favoured if it maintains linkage disequilibrium (LD) between co-adapted alleles in the face of gene flow \[[@pbio.3000610.ref001]--[@pbio.3000610.ref004]\]. Our study is one of only a few cases in which it can be shown that alleles at distinct loci that each influence a component of a complex trait are maintained in LD by suppressed recombination \[[@pbio.3000610.ref044],[@pbio.3000610.ref045]\].

It is likely that chromosomal rearrangements contribute to recombination suppression at the BC supergene. Although our short-read data do not allow us to test directly for inversions, they do reveal dramatic variation in sequencing coverage over the proximal end of the chromosome. Comparison of coverage among individuals suggests a large (approximately 5 Mb) polymorphic insertion in this region that tends to occur in individuals carrying the *BC*^*dorippus*^ allele ([S6 Fig](#pbio.3000610.s006){ref-type="supplementary-material"}). Synteny comparison with *H*. *melpomene* reveals that this insertion involves an expansion in copy number of a region of several hundred kb. Comparison of copy numbers for two of the genes in the expansion with several other species confirms that it is derived in *D*. *chrysippus* ([S7 Fig](#pbio.3000610.s007){ref-type="supplementary-material"}). The expansion appears to occur just a few kb from the coding region of *arrow* ([S6 Fig](#pbio.3000610.s006){ref-type="supplementary-material"}), and is also perfectly associated with the presence of the dominant dorippus phenotype (absence of black forewing tip) ([S7 Fig](#pbio.3000610.s007){ref-type="supplementary-material"}). It is possible that it has a causal effect on the phenotype by influencing the expression of *arrow*, but it might simply be linked to the causative mutation. Either way, we suggest that this large structural change, which increases the length of the chromosome by nearly a third, contributes to recombination suppression between the *BC*^*dorippus*^ allele and other supergene alleles by interfering with chromosome pairing in heterozygotes.

A neo-W chromosome traps a single haplotype of chr15 in contact zone females {#sec004}
----------------------------------------------------------------------------

Previous crossing experiments indicated that the BC chromosome has become sex linked in contact zone females \[[@pbio.3000610.ref022]\]. To confirm this hypothesis using genetic tools, we created a 'cured line' by treating a female from an all-female brood with tetracycline to eliminate *Spiroplasma* and allow the survival of male offspring \[[@pbio.3000610.ref023]\]. A cross using this female confirms perfect sex-linkage of forewing phenotype (*n* = 22, chi-squared test *p* = 0.00002; [S8 Fig](#pbio.3000610.s008){ref-type="supplementary-material"}). We then used PCR assays on a subsequent sibling cross from the cured line to confirm that maternal alleles for chr15 segregate with sex (*n* = 22, *p* \< 0.00003), whereas paternal alleles segregate randomly (*n* = 22, *p* = 0.36; [S8 Fig](#pbio.3000610.s008){ref-type="supplementary-material"}). These results exactly match the model ([Fig 1B](#pbio.3000610.g001){ref-type="fig"}) in which the BC supergene has become linked to the W chromosome in females but continues to segregate as an autosome in males.

Although we were unable to definitively identify any scaffolds from the ancestral W chromosome, which is likely to be highly repetitive, we can test whether chr15 shows the expected hallmarks of a young neo-W, hypothesised to have formed through fusion to the ancestral W \[[@pbio.3000610.ref022]\]. Due to the complete absence of recombination in females, we expect that a single fused haplotype of chr15 would be spreading in the population. Any unique mutations specific to this haplotype should therefore occur at high frequency in females and be absent in males. We scanned for such high-frequency female-specific mutations and found them to be abundant across the entire length of chr15 and nearly absent throughout the rest of the genome ([Fig 3A](#pbio.3000610.g003){ref-type="fig"}). At the individual level, we can clearly identify 15 females (14 collected in the contact zone and the single 'cured line' female) that consistently share these high-frequency mutations ([S9 Fig](#pbio.3000610.s009){ref-type="supplementary-material"}). Genetic distance among these females in the colinear region of chr15 (outside the BC supergene) is reduced, indicating that they all share a similar haplotype of the fused chromosome ([Fig 3B](#pbio.3000610.g003){ref-type="fig"}).

![Recent sweep of a young neo-W.\
(**A**) The number of high-frequency female-specific mutations (\>20% in females and absent in males) in 100-kb sliding windows (20-kb step size). **(B)** Distance-based phylogenetic network for the distal colinear region of chr15 outside of the BC supergene reveals that most contact zone females carry the conserved neo-W haplotype. Cartoons show how the colinear region of chr15 is outside of the BC supergene but would still capture reduced divergence among individuals carrying a shared non-recombining neo-W. (**C**) Box plot comparing the density of heterozygous sites in 100-kb windows in the colinear region of chr15 between wild-type individuals from the contact zone (CZ) and those carrying the neo-W. Cartoon chromosomes above the plot match those shown in panel B. A relative lack of elevated heterozygosity in the neo-W lineage indicates a lack of divergence of the fused neo-W haplotype, consistent with the fusion being recent. (**D**) Box plot of nucleotide diversity (π) within each population for the same colinear region of chr15. On the far right, π is shown for the haploid neo-W haplotype specifically, based on partial sequences isolated from this haplotype (see [Methods](#sec009){ref-type="sec"} and [S10 Fig](#pbio.3000610.s010){ref-type="supplementary-material"} for details). The near absence of genetic diversity implies a very rapid spread of the neo-W through the population. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].](pbio.3000610.g003){#pbio.3000610.g003}

The neo-W formed recently and spread rapidly {#sec005}
--------------------------------------------

Genetic variation accumulated in the neo-W lineage since its formation can tell us about its age. Sequence divergence between the neo-W and autosomal copies of chr15 (inferred from the density of heterozygous sites in the colinear region of chr15 in females carrying the neo-W) is not significantly different from that between the autosomal copies in 'wild-type' individuals that lack the fusion ([Fig 3C](#pbio.3000610.g003){ref-type="fig"}, Wilcoxon signed rank test, *p* = 0.36, *n* = 48 windows of 100 kb each). This implies that insufficient time has passed since the fusion event for significant accumulation of new mutations. The limited divergence of the neo-W haplotype from the autosomal copy of chr15 in each female makes it challenging to isolate. Nonetheless, by using diagnostic mutations that are unique to and fixed in the neo-W lineage, we were able to identify sequencing reads from the shared haplotype and reconstruct a partial neo-W sequence for each female ([S10 Fig](#pbio.3000610.s010){ref-type="supplementary-material"}). A dated genealogy based on these sequences places the root of the neo-W lineage at approximately 2,200 years (26,400 generations) ago (posterior mean = 2,201, SD = 318).

The neo-W is present in all but one of the contact zone females, implying a rapid spread since its formation. This process is similar to a selective sweep of a beneficial mutation, except that complete recombination suppression in females means that the sweep affects the entire chromosome equally. Unlike a conventional sweep, it is not expected to eliminate genetic diversity from the population, as these females will also carry an autosomal copy of chr15 inherited from their father ([Fig 1B](#pbio.3000610.g001){ref-type="fig"}). Indeed, we see a 20% reduction in overall nucleotide diversity (π) on chr15 in females of the neo-W lineage ([Fig 3D](#pbio.3000610.g003){ref-type="fig"}). However, when we consider only the neo-W haplotype in each of these females, we see a nearly complete absence of genetic variation, with a π of 0.00007, more than two orders of magnitude lower than for autosomal copies of chr15 (0.0228) ([Fig 3D](#pbio.3000610.g003){ref-type="fig"}). These results further support a very recent and rapid spread of the neo-W.

The neo-W haplotype carries the recessive *BC*^*chrysippus*^ allele at the BC supergene ([S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"}). However, previous work \[[@pbio.3000610.ref022]\] shows that at the focal sampling site in the contact zone, most males are immigrants homozygous for the dominant *BC*^*dorippus*^ allele, and the vast majority of females (84%) are heterozygous *BC*^*dorippus*^/*BC*^*chrysippus*^, as expected if most inherit *BC*^*dorippus*^ from their father and *BC*^*chrysippus*^ (on the neo-W) from their mother. The dominant dorippus phenotype is therefore by far the most abundant in this population. Because aposematic colouration should be under positive frequency dependent selection, it is highly unlikely that the spread of the neo-W can be explained by selection on colour pattern, highlighting the question of what else might have driven its spread.

Hitchhiking between the neo-W and *Spiroplama* {#sec006}
----------------------------------------------

We hypothesised that the neo-W has spread as a result of co-inheritance with the male-killing *Spiroplasma*, which is itself spreading through the population as a selfish element. Experiments have suggested that all-female broods have enhanced survival relative to females from broods that include males, possibly due to reduced competition for resources \[[@pbio.3000610.ref046]\], although other factors such as improved immunity \[[@pbio.3000610.ref047]\] have not been tested. A similar boost to the relative fitness of infected females is thought to have driven the rapid spread of a male-killing *Wolbachia* in the butterfly *Hypolimnas bolina*, which has occurred over a similar timescale to that reported here \[[@pbio.3000610.ref048]\]. For *Spiroplasma* to drive the spread of the neo-W, it would also need to be strictly vertically inherited down the female line, such that it is always co-inherited with the neo-W.

We identified nine scaffolds making up the 1.75-Mb *Spiroplasma* genome in our *D*. *chrysippus* assembly ([S11 Fig](#pbio.3000610.s011){ref-type="supplementary-material"}). Infected individuals are clearly identifiable by mapping resequencing reads to the *Spiroplasma* scaffolds ([S11 Fig](#pbio.3000610.s011){ref-type="supplementary-material"}), and this was confirmed by PCR. As predicted, all females in the neo-W lineage are infected (with the exception of the cured line female, in which *Spiroplasma* had been eliminated). Moreover, all infected females fall into the same mitochondrial clade ([Fig 4A](#pbio.3000610.g004){ref-type="fig"}), consistent with matrilineal inheritance. To confirm that the *Spiroplasma* is strictly vertically inherited and always associated with a single female lineage, we used PCR assays for *Spiroplasma* and mitochondrial haplotype and expanded our sample size to 158 individuals, including samples used in previous studies going back two decades \[[@pbio.3000610.ref019],[@pbio.3000610.ref023]\] ([S12 Table](#pbio.3000610.s026){ref-type="supplementary-material"} and [S12 Fig](#pbio.3000610.s012){ref-type="supplementary-material"}). This confirms the perfect association: 100% of infected individuals (*n* = 42) carry the same mitochondrial haplotype, and this haplotype is otherwise rare, occurring in 8% of uninfected individuals (*n* = 116) ([S12 Fig](#pbio.3000610.s012){ref-type="supplementary-material"}).

![Matrilineal inheritance causes coupling between neo-W and *Spiroplasma*.\
(**A**) Maximum likelihood phylogeny for the whole mitochondrial genome. Individuals are coloured according to population of origin (see [Fig 1A](#pbio.3000610.g001){ref-type="fig"}), and those carrying the neo-W ('W') and *Spiroplasma* ('S') are indicated (including one cured individual in which *Spiroplasma* was eliminated). Females are indicated by circles and males by squares. (**B**) Maximum likelihood phylogenies for the neo-W haplotype and *Spiroplasma* genome isolated from infected females. Corresponding clades are shaded to indicate congruence. Note that two samples are excluded in panel B: the cured sample, which lacked *Spiroplasma* because of tetracycline treatment, and one infected female found to lack the neo-W. Whether the latter represents an ancestral state or secondary loss requires further investigation. In all trees, nodes supported by more than 70 of 100 bootstrap replicates are indicated by circles. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].](pbio.3000610.g004){#pbio.3000610.g004}

Like the neo-W, the *Spiroplasma* genomes carry limited variation among individuals (π = 0.0005), consistent with a single and recent outbreak of the endosymbiont. Although the lack of variation makes it challenging to infer genealogies, our inferred maximum likelihood genealogies for the neo-W and *Spiroplasma* are strikingly congruent ([Fig 4B](#pbio.3000610.g004){ref-type="fig"}). The low bootstrap support for multiple nodes is unsurprising, given that these sequences descend from a recent common ancestor, such that most nodes will be defined by only a few informative sites. This does not weaken the support for congruence, however, as the probability of two incorrectly inferred topologies matching by chance is infinitesimally small. In a permutation test for congruence between the two distance matrices \[[@pbio.3000610.ref049]\], the observed level of congruence exceeds all 100,000 random permutations. There is therefore strong support for co-inheritance of the neo-W and *Spiroplasma* \[[@pbio.3000610.ref050]\].

The combined spread of three physically unlinked DNA molecules---the mitochondrial genome, neo-W, and *Spiroplasma* genome---constitutes a form of genetic hitchhiking, but is facilitated by their strict matrilineal inheritance rather than physical linkage. We cannot entirely rule out the possibility that the neo-W is contributing to this spread, or even driving it entirely, through direct selection or meiotic drive. In theory, this is testable by examining broods that carry the neo-W but lack *Spiroplasma*, as these should comprise more females than males, despite the absence of the male-killer. We raised 11 such broods in our cured line, and Smith \[[@pbio.3000610.ref051]\] reported 10 natural broods that showed sex-linked colour pattern and no male-killing. Across these 21 broods, totalling 528 adult offspring, 51% were female. This is far from significantly different from the null expectation of 50% (binomial test *p* = 0.7). However, we note that to detect meiotic drive causing a 1% female bias with good power would require a far larger sample size of \>15,000. Importantly, the few natural broods that have been found to show sex-linked colour pattern without male-killing have only been reported from regions in which *Spiroplasma* infection is present, implying that these broods result from occasional failed transmission of the endosymbiont \[[@pbio.3000610.ref023]\]. Despite this potential for the neo-W to become decoupled from the male-killer, it has not spread beyond these regions, further supporting the hypothesis that hitchhiking with the male-killer underlies its rapid spread. Selfish elements have been shown to drive hitchhiking of the mitochondrial genome or a portion of a chromosome through a population and even across species boundaries \[[@pbio.3000610.ref052]--[@pbio.3000610.ref054]\]. Our findings show how an entire chromosome can be captured in the same way. Hitchhiking may therefore be of general importance in driving the spread of neo-sex chromosomes.

In *D*. *chrysippus*, it is currently unclear whether the neo-W or male-killer emerged first. It is also unclear whether their co-occurrence in a single ancestor was simply a coincidence or instead reflects some functional connection, such as the suggestion that the neo-W might confer susceptibility to the male-killer \[[@pbio.3000610.ref022]\]. It is important to note that this is not the first time a neo-sex chromosome has formed in this lineage. A fusion of Chromosome 21 to the ancestral Z chromosome occurred in an ancestor of all *Danaus* species, producing a neo-Z \[[@pbio.3000610.ref009],[@pbio.3000610.ref032],[@pbio.3000610.ref055]\]. It is speculated that a complementary fusion of Chromosome 21 to the ancestral W also occurred \[[@pbio.3000610.ref009],[@pbio.3000610.ref055]\], but this is difficult to conclusively verify because of degradation of the W chromosome over longer timescales. If this hypothesis of an ancient neo-W is correct, then the neo-W we describe (W-chr15) might in fact be better described as a neo-neo-W (W-chr21-chr15). It is possible that the spread of the original W-chr21 was also driven by hitchhiking with a selfish endosymbiont.

Genetic and phenotypic consequences of recombination suppression {#sec007}
----------------------------------------------------------------

Sex chromosome evolution in many other taxa involves the progressive spread of recombination suppression outward from the sex-determining locus \[[@pbio.3000610.ref056]\]. By contrast, the absence of crossing over in female meiosis means that a lepidopteran neo-W experiences complete and immediate recombination suppression over its entire length. Butterfly W chromosomes are therefore thought to be highly degenerated and repetitive, and to our knowledge none have been successfully assembled to date. The young age of the *D*. *chrysippus* neo-W therefore provides a rare opportunity to study the early evolutionary consequences of recombination suppression across an entire chromosome. Two related processes could shape its evolution: hitchhiking of preexisting deleterious mutations that were initially rare in the population \[[@pbio.3000610.ref006]\], and accumulation of novel deleterious mutations due to reduced purging through recombination and selection (i.e., Muller's Ratchet) \[[@pbio.3000610.ref007]\].

As a proxy for the 'genetic load' of deleterious mutations in the population, we considered *P*~n~/*P*~s~, the normalised ratio of non-synonymous to synonymous polymorphisms. Because of purifying selection, non-synonymous polymorphisms are typically rare, and where they do occur, the mutant allele typically occurs at low frequency in the population \[[@pbio.3000610.ref057]\]. When considering all polymorphisms in the neo-W lineage, *P*~n~/*P*~s~ for chr15 (excluding the BC supergene, to avoid bias) is very slightly (approximately 5%) higher than for other autosomes ([S13 Fig](#pbio.3000610.s013){ref-type="supplementary-material"}). Of 1,000 bootstrap replicates, 916 reproduced this bias, corresponding to a *p*-value of 0.084. However, when we partition polymorphisms by allele frequency, we see that chr15 carries a large excess of non-synonymous polymorphisms in the highest frequency class (i.e., minor allele at 50%), with a *P*~n~/*P*~s~ ratio \>3 times larger than on other autosomes ([S13 Fig](#pbio.3000610.s013){ref-type="supplementary-material"}). This holds across all 1,000 bootstrap replicates (i.e., *p* \< 0.001). A change in the frequency distribution of non-synonymous variants, without a significant change in their abundance, is best explained by hitchhiking of preexisting mildly deleterious alleles that were initially rare in the population but were inadvertently carried to high frequency along with the neo-W haplotype, and are therefore now found in all females in this lineage. In fact, *P*~n~/*P*~s~ for high-frequency polymorphisms on chr15 is somewhat higher than would be expected through hitchhiking alone based on comparison with singleton mutations on other autosomes (*p* = 0.044). This suggests that accumulation of additional mildly deleterious alleles on the neo-W might have occurred early during its spread through the population.

At the phenotypic level, perhaps counterintuitively, the spread of a single supergene allele on the neo-W has not caused homogenisation of warning pattern among contact zone females and might in fact have the opposite effect. In locations where the neo-W and *Spiroplasma* are nearly fixed, such as our sampling site near Nairobi, the high incidence of male-killing implies that the population is strongly shaped by immigrant males. Because the *BC*^*chrysippus*^ allele on the neo-W is universally recessive, daughters will tend to match the phenotype of their immigrant father. However, because the neo-W is always transmitted to daughters, the paternal chr15 copy will be lost to male-killing after one generation, creating a genetic sink for immigrant male genes \[[@pbio.3000610.ref022]\] ([S14 Fig](#pbio.3000610.s014){ref-type="supplementary-material"}). This combination of processes results in a female population that is highly sensitive to the source of immigrants, which is known to fluctuate seasonally with monsoon winds \[[@pbio.3000610.ref016],[@pbio.3000610.ref058]\] ([S14 Fig](#pbio.3000610.s014){ref-type="supplementary-material"}). This model leads to the testable prediction that seasonal fluctuations in female phenotypes should be most dramatic where male-killing is most abundant.

Future evolutionary trajectories {#sec008}
--------------------------------

The future of the neo-W and *Spiroplasma* outbreak is uncertain. A lack of males could lead to local extinctions \[[@pbio.3000610.ref027]\], but extinction of the entire infected lineage is unlikely given the high dispersal ability and seasonal influxes of males in the contact zone. Indeed, it is notable that *Spiroplasma* infection has only been recorded within the contact zone population (with the exception of a single South African brood reported here, [S12 Table](#pbio.3000610.s026){ref-type="supplementary-material"}), especially given theory showing that male-killers should spread very rapidly across the geographical range of a panmictic population if they provide even a very weak selective advantage \[[@pbio.3000610.ref048]\]. Future work will investigate whether its spread might be curtailed by environmental factors, for example if oviposition behaviour or host plant availability only leads to sibling competition (and consequent benefits for all-female broods) under certain conditions \[[@pbio.3000610.ref046]\]. An alternative and non--mutually exclusive hypothesis is that dispersal rates of infected females are strongly reduced. In other systems, sex-ratio distortion has driven adaptive responses by the host, including changes to the mating system \[[@pbio.3000610.ref059]\] and the evolution of resistance to male-killing \[[@pbio.3000610.ref060],[@pbio.3000610.ref061]\]. The absence of evidence for these phenomena in *D*. *chrysippus* might simply reflect the recency of the male-killing outbreak. Eventually, we also expect the non-recombining neo-W to begin to degenerate through further hitchhiking, gene loss, and the spread of repetitive elements \[[@pbio.3000610.ref008],[@pbio.3000610.ref056]\]. This young system provides a rare opportunity to study how these phenomena unfold through time and space.

Methods {#sec009}
=======

Ethics statement {#sec010}
----------------

Butterfly collection was performed under permit where relevant: NACOSTI/P15/3290/3607, NACOSTI/P15/2403/3602 (National Commission for Science and Technology, Kenya), MINEDUC/S&T/459/2017 (Ministry of Education, Rwanda), EMDEP006/17 (Environmental Management Division, St Helena Government); and always with permission of the land owner and/or local authorities. We also worked with local researchers wherever possible, including authors DJM, KSO, SC, and IJG and with the Lepidopterists Society of Africa.

Reference genome sequencing, assembly, and annotation {#sec011}
-----------------------------------------------------

Detailed methods for generation of the *D*. *chrysippus* reference genome are provided in [S1 Text](#pbio.3000610.s027){ref-type="supplementary-material"}. Briefly, a draft assembly was generated using SPAdes \[[@pbio.3000610.ref062]\] from a combination of paired-end and mate-pair libraries of various insert sizes. Scaffolding and resolution of haplotypes was performed using Redundans \[[@pbio.3000610.ref063]\] and Haplomerger2 \[[@pbio.3000610.ref064]\]. The assembly was annotated using a combination of de novo gene predictors, yielding 16,654 protein coding genes. Mitochondrial genomes were assembled using NOVOplasty \[[@pbio.3000610.ref065]\].

Although we currently lack linkage information for further scaffolding, we generated a pseudo-chromosomal assembly based on homology with the highly contiguous *H*. *melpomene* genome \[[@pbio.3000610.ref030],[@pbio.3000610.ref031],[@pbio.3000610.ref066]\], adjusted for known karyotypic differences \[[@pbio.3000610.ref009],[@pbio.3000610.ref030]--[@pbio.3000610.ref032],[@pbio.3000610.ref055]\]. Although these genomes are diverged by approximately 90 million years, this homology-based approach has been shown previously to be successful for reconstructing chromosomes in a fragmented *D*. *plexippus* genome \[[@pbio.3000610.ref009]\]. In total, 282 Mb (87% of the genome) could be confidently assigned to chromosomes ([S1 Fig](#pbio.3000610.s001){ref-type="supplementary-material"}).

Scaffolds representing the *Spiroplasma* genome were identified based on read depth of remapped reads ([S11 Fig](#pbio.3000610.s011){ref-type="supplementary-material"}) and homology to other available *Spirolasma* genomes. Annotation was performed using the RAST server pipeline \[[@pbio.3000610.ref067],[@pbio.3000610.ref068]\].

Population sample resequencing and genotyping {#sec012}
---------------------------------------------

This study made use of 42 newly sequenced *D*. *chrysippus* individuals, as well as previously sequenced individuals of the sister species, *D*. *petilia* (*n* = 1) and the next closest outgroup, *D*. *gilippus* (*n* = 2) \[[@pbio.3000610.ref069]\] ([S9 Table](#pbio.3000610.s023){ref-type="supplementary-material"}). Details of DNA extraction, sequencing, and genotyping are provided in [S1 Text](#pbio.3000610.s027){ref-type="supplementary-material"}. Briefly, DNA was extracted from thorax tissue and sequenced (paired-end, 150 bp) to a mean depth of coverage 20× or greater. Reads were mapped to the *D*. *chrysippus* reference assembly using Stampy \[[@pbio.3000610.ref070]\] v1.0.31, and genotyping was performed using GATK version 3 \[[@pbio.3000610.ref071],[@pbio.3000610.ref072]\]. Genotype calls were required to have an individual read depth ≥8, and heterozygous and alternate allele calls were further required to have an individual genotype quality (GQ) ≥20 for downstream analyses.

Genomic differentiation and associations with wing pattern {#sec013}
----------------------------------------------------------

We used the fixation index (*F*~*ST*~) and absolute divergence (*d*~XY~) to examine genetic differentiation across the genome among the three subspecies for which we had six or more individuals sequenced. *F*~*ST*~ and *d*~XY~ were computed using the script popgenWindows.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2) with a sliding window of 100 kb, stepping in increments of 20 kb. Windows with fewer than 20,000 genotyped sites after filtering (see above) were ignored.

To identify SNPs associated with the three Mendelian colour pattern traits (i.e., the A, B, and C loci) ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}), we used PLINK v1.9 \[[@pbio.3000610.ref073]\] with the '---assoc' option and provided quantitative phenotypes of 0, 1, or 0.5 for assumed heterozygotes, which causes PLINK to use the Wald test for quantitative traits. In addition to the quality and depth filters above, SNPs used for this analysis were required to have genotypes for at least 40 individuals, a minor allele count of at least 2, and to be heterozygous in no more than 75% of individuals. SNPs were also thinned to a minimum distance of 100 bp.

To examine relationships among diploid individuals in specific regions of interest, we constructed phylogenetic networks using the Neighbor-Net \[[@pbio.3000610.ref074]\] algorithm, implemented in SplitsTree \[[@pbio.3000610.ref075]\]. Pairwise distances used for input were computed using the script distMat.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2).

Haplotype cluster assignment {#sec014}
----------------------------

To assign haplotypes to clusters in the BC supergene region, we first phased genotypes using SHAPEIT2 \[[@pbio.3000610.ref076],[@pbio.3000610.ref077]\] using SNPs filtered as for association analysis above, except with a minor allele count of at least 4 and no thinning. Default parameters were used for phasing except that the effective population size was set to 3 × 10^6^. To minimise phasing switch errors, we analysed each 20-kb window separately. Cluster assignment for both haplotypes from each individual was based on average genetic distance to all haplotypes from each of three reference groups: *D*. *c*. *dorippus*, *D*. *c*. *orientis*, or *D*. *c*. *alcippus* (the latter is also representative of *D*. *c*. *chrysippus*, as they share the same alleles at the BC supergene). A haplotype was assigned to one of the three groups if its average genetic distance to members of that group was less than 80% of the average distance to the other two groups; otherwise, it was left as unassigned. Genetic distances were computed using the script popgenWindows.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2).

Identification of neo-W--specific sequencing reads {#sec015}
--------------------------------------------------

To identify females carrying the neo-W chromosome, we visualised the distribution of female-specific derived mutations that occur at high frequency. Allele frequencies were computed using the script freq.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2). Because of the absence of female meiotic crossing over in Lepidoptera, all females carrying the neo-W fusion should share a conserved chromosomal haplotype for the entire fused chromosome. To isolate this shared fused haplotype from the autosomal copy, we first identified diagnostic mutations as those that are present in a single copy in each member of the 'neo-W lineage' and absent from all other individuals and outgroups. We then isolated the sequencing read pairs from each of these females that carry the derived mutation ([S10 Fig](#pbio.3000610.s010){ref-type="supplementary-material"}). This resulted in a patchy alignment file, with a stack of read pairs over each diagnostic mutation. Based on these aligned reads, we genotyped each individual as described above, except here setting the ploidy level to 1, and requiring a minimum read depth of 3.

Diversity and divergence of the neo-W {#sec016}
-------------------------------------

The lack of recombination across the neo-W makes it possible to gain insights into its age. Over time, mutations will arise that differentiate the neo-W from the recombining autosomal copies of the chromosome. We estimated this divergence based on average heterozygosity in females carrying the neo-W and compared it to heterozygosity from contact-zone individuals not carrying the neo-W. Heterozygosity was computed using the script popgenWindows.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2), focusing only on the colinear portion of the chromosome (i.e., the distal portion from 11 Mb onwards), which is outside of the BC supergene. Heterozygosity was computed in 100-kb windows, and windows were discarded if they contained fewer than 20,000 sites genotyped in at least two individuals from each population.

A recent spread of the neo-W through the population should also be detectable in the form of strong conservation of the neo-W haplotype in all females that carry it (i.e., reduced genetic diversity). We therefore computed nucleotide diversity (π) in 100-kb windows as above. Reported values of π and heterozygosity represent the mean ± standard deviation across 100-kb windows.

Genealogical analyses {#sec017}
---------------------

We produced maximum likelihood trees for the mitochondrial genome, neo-W, and *Spiroplasma* genome, using PhyML v3 \[[@pbio.3000610.ref078]\] with the GTR substitution model. Given the small number of SNPs in both the neo-W and *Spiroplasma* genomes, regions with inconsistent coverage across individuals were excluded manually. Only sites with no missing genotypes were included.

We estimated the root node age for the neo-W using BEAST2 \[[@pbio.3000610.ref079],[@pbio.3000610.ref080]\] version 2.5.1 with a fixed clock model and an exponential population growth prior. For all other priors we used the defaults as defined by BEAUti v2.5.1. We assumed a mutation rate of 2.9 × 10^−9^ per generation based on a direct estimate for *Heliconius* butterflies \[[@pbio.3000610.ref081]\] and 12 generations per year \[[@pbio.3000610.ref082]\]. BEAST2 was run for 500,000,000 iterations, sampling every 50,000 generations, and we used Tracer \[[@pbio.3000610.ref083]\] version 1.7.1 to check for convergence of posterior distributions and compute the root age after discarding a burn-in of 10%.

We tested for congruence between the neo-W and *Spiroplasma* trees using PACo \[[@pbio.3000610.ref049]\], which assesses the goodness of fit between host and parasite distance matrices, with 100,000 permutations. Distance matrices were computed using the script distMat.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.2).

Analysis of synonymous and non-synonymous polymorphism {#sec018}
------------------------------------------------------

We computed *P*~n~/*P*~s~ as as the ratio of non-synonymous polymorphisms per non-synonymous site to synonymous polymorphisms per synonymous site. Synonymous and non-synonymous sites were defined conservatively as 4-fold degenerate and 0-fold degenerate codon positions, respectively, with the requirement that the other two codon positions are invariant across the entire dataset. Only sites genotyped in all 15 females in the neo-W lineage were considered, and counts were stratified by minor allele frequency using the script sfs.py ([github.com/simonhmartin/genomics_general](http://github.com/simonhmartin/genomics_general) release 0.1).

Butterfly rearing and molecular diagnostics {#sec019}
-------------------------------------------

To generate a stock line that is cured of *Spiroplasma* infection, we treated caterpillars from all-female broods with tetracycline, following Jiggins and colleagues \[[@pbio.3000610.ref023]\]. A 'cured line' was initiated from a single treated female that had the heterozygous *Cc* transiens phenotype ([Fig 1A](#pbio.3000610.g001){ref-type="fig"}). This female was crossed to a wild male (homozygous *cc*) to test for sex linkage of phenotype. The cured line was maintained through sibling crosses for six generations and the persistence of males indicated that *Spiroplasma* had been eliminated.

We then applied a molecular test for sex linkage of chr15 using the F5 brood from the cured line. We designed two separate PCR diagnostics based on SNPs segregating on chr15 to distinguish between the two chromosomes of the male and the female parents ([S11 Table](#pbio.3000610.s025){ref-type="supplementary-material"}). PCR was performed using the Phusion HF Master Mix and HF Buffer (New England Biolabs, Ipswich, MA).

To screen for *Spiroplasma* infection, we designed a PCR assay targeting the glycerophosphoryl diester phosphodiesterase (GDP) gene ([S11 Table](#pbio.3000610.s025){ref-type="supplementary-material"}). PCR was performed as above. We confirmed the sensitivity of this diagnostic by analysing individuals of known infection status based on whole genome sequencing (12 infected and 11 uninfected).

To investigate whether *Spiroplasma* infection was always associated with a single mitochondrial haplotype, we designed a PCR RFLP for the Cytochrome Oxidase Subunit I (COI) that differentiates the infected 'K' lineage ([S11 Table](#pbio.3000610.s025){ref-type="supplementary-material"}). PCR was performed as above. A subset of products were verified by Sanger sequencing after purification using the QIAquick PCR Purification Kit (Qiagen).

Supporting information {#sec020}
======================

###### Pseudo-chromosomal assembly of *D*. *chrysippus*.

Homology with the *H*. *melpomene* genome (corrected for known fusion events \[[@pbio.3000610.ref009],[@pbio.3000610.ref030],[@pbio.3000610.ref032]\] and scaffolded into chromosomes \[[@pbio.3000610.ref031]\]) (blue) allowed us to construct a robust pseudo-chromosomal assembly for *D*. *chrysippus*. Scaffolds of *D*. *chrysippus* are shown in alternating shades of orange. Blue lines connect homologous genes (BLAST E-value \< 1 × 10^−20^, identity \>50%). Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].

(PNG)

###### 

Click here for additional data file.

###### Genetic differentiation and SNP associations with colour pattern.

*F*~ST~ is plotted across each chromosome between three different subspecies of *D*. *chrysippus*, as indicated above the plot. Scaffolds are indicated by light and dark shading. Numbers on the x-axis indicate chromosome position in Mb. Coloured crosses above the plots indicate SNPs strongly associated with the phenotypes controlled by the A (grey), B (brown), and C (black) loci (Wald test, 99.99% quantile). A number of candidate genes are annotated on the plot. These include known and putative wing patterning genes in *Heliconius* (*optix* \[[@pbio.3000610.ref084]\], *cortex* \[[@pbio.3000610.ref085]\], *WntA* \[[@pbio.3000610.ref040]\], *aristaless* \[[@pbio.3000610.ref086]\], and *ventral veins lacking* \[[@pbio.3000610.ref042]\]) and *Papilio* spp. (*doublesex* \[[@pbio.3000610.ref087]\] and *engrailed* \[[@pbio.3000610.ref088]\]). A *myosin* gene thought to be associated with a pale mutant form in *D*. *plexippus* \[[@pbio.3000610.ref069]\] is also indicated, along with *collegen type IV*, which was found to be associated with migratory behaviour in *D*. *plexippus* \[[@pbio.3000610.ref069]\]. Several melanism-related genes are also annotated, as well as *arrow*, which was added to the list of candidates post hoc due to strong association with colour pattern (see main text). Of our a priori candidates, only *yellow* is found to associate with colour pattern in *D*. *chrysippus*. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].

(PNG)

###### 

Click here for additional data file.

###### *d*~XY~ plotted against π reveals excess divergence on colour pattern--associated chromosomes.

Absolute divergence between each pair of populations (*d*~XY~) and nucleotide diversity within populations (π) were computed for nonoverlapping 100-kb windows. The value of π plotted is the average between the two populations in each plot. The clustering of points along the diagonal indicates that diversity within each subspecies is similar to divergence between subspecies, consistent with a single nearly panmictic population. Points that deviate to the left of the diagonal indicate either excess divergence between subspecies or reduced diversity within subspecies, or both. Here, the colour pattern--associated regions on Chromosomes 4 and 15 (indicated in colour for convenience) show signatures of local adaptation with both reduced within-population diversity and increased between-population divergence, as would be expected if selection limits effective gene flow at these loci. One pair of populations, *D*. *c*. *dorippus* and *D*. *c*. *orientis*, are diverged at chr15 but not Chromosome 4, which is also expected as they only differ in their forewing phenotype and both lack the white hindwing patch. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Allelic clustering across chr15 for all samples.

Coloured blocks indicate 20-kb windows in which sequence haplotypes could be clustered into one of three genetic clusters (yellow: dorippus, red: chrysippus/alcippus, blue: orientis) based on pairwise genetic distances (see [Methods](#sec009){ref-type="sec"} for details). Windows in grey show insufficient relative divergence to be assigned to a cluster. White gaps indicate missing data. There are three clearly distinct alleles that correspond largely with colour pattern. Heterozygotes indicate a dominance hierarchy: The *BC*^*dorippus*^ allele (yellow) is the most dominant and produces the dorippus phenotype (no black forewing tip). Around half of the heterozygotes with one copy of the dorippus allele express the transiens phenotype, with white marks on the forewing. The *BC*^*orientis*^ allele (blue) corresponds with the orientis phenotype (black wing tip and dark background colour). It is dominant over the *BC*^*chrysippus*^ allele, which produces the chysippus phenotype (black wing tip with light background colour) only when homozygous. There is evidence of recombination in the form of mosaic haplotypes. Finally, samples found to be carrying the neo-W chromosome (see main text) are indicated with an asterisk. All carry the *BC*^*chrysippus*^ allele. Note that no phenotype was recorded for the reference genome individual RF.K001. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Candidate loci for forewing colour pattern on chr15.

Differentiation (*F*~ST~) is plotted across part of chr15 (bottom). Above the plot, locations of SNPs most strongly associated with the B and C loci (Wald test, 99.99% quantile) are shown: 'B locus' (controlling brown/orange background) in brown and 'C locus' (controlling forewing black tip) in black. The best respective candidate genes, *yellow* and *arrow*, are indicated on the plot. At the top, distance-based phylogenetic networks constructed for regions around the candidate genes (30 kb around *yellow* and 100 kb around *arrow*) are shown. Colours indicate subspecies as in [Fig 1A](#pbio.3000610.g001){ref-type="fig"}, and shapes indicate sex. Phenotypes are coded black and white for putative homozygotes and grey for putative heterozygotes. A corresponding network for the whole genome is included for comparison, showing how undifferentiated the subspecies are in general. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Variable coverage reveals a large expansion on chr15.

(**A**) Dots indicate median read coverage in 20-kb windows across chr15, normalised relative to the genome-wide mean (dashed line). Twelve representative individuals are shown. All individuals fall into one of three categories: normal coverage, approximately half coverage, or approximately zero coverage across the first third (5.84 Mb) of the chromosome, indicating an insertion polymorphism that is either homozygous present/absent or heterozygous. Coloured blocks indicate allelic clustering for each 20-kb window (see [S4 Fig](#pbio.3000610.s004){ref-type="supplementary-material"}), with white indicating gaps in the alignment because of variable sequence coverage. (**B**) Comparison of homologous genes in the *H*. *melpomene* genome indicates several genes near the proximal end of the chromosome that are duplicated multiple times in our *D*. *chrysippus* reference genome. Locations of the candidate B and C genes *yellow* and *arrow* (see [S5 Fig](#pbio.3000610.s005){ref-type="supplementary-material"}) are indicated. Scaffolds in the *D*. *chrysippus* pseudo-chromosomal assembly are alternately shaded light and dark. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### An expansion in the *BC^dorippus^* allele of chr15 involves multiple gene duplications.

(**A**) Depth of coverage across the expansion region (see [S6 Fig](#pbio.3000610.s006){ref-type="supplementary-material"}), in each individual, normalised by the genome average. Points represent the median coverage over 20-kb windows, and vertical lines indicate the 25% and 75% quantiles. Homozygous individuals with two copies of the expansion have a normal depth of approximately 1, heterozygous individuals have a depth of approximately 0.5, and those homozygous for a lack of the expansion have a depth of approximately 0. There is perfect correspondence between presence of the expansion and the dorippus phenotype (lack of black forewing tip). Heterozygotes display either the dorippus pattern or the transiens pattern, with white marks on the forewing, consistent with the approximately 50% penetrance described in previous crosses \[[@pbio.3000610.ref089]\]. (**B**) Maximum likelihood phylogeny of Nephrin-like protein sequences encoded by two genes located within the expansion region. Homologous genes from *Danaus plexippus*, *H*. *melpomene*, and *Melitaea cinxia* are included. The tree indicates that the ancestral state in the Nymphalidae is to have two copies of the gene, while the *D*. *chrysippus* assembly has 14 copies (8 and 6, respectively). (**C**) The number of copies of *nephrin-like 1* and *2* is indicated in black and grey, respectively. Although we have just one assembly from a sample homozygous for the *BC*^*dorippus*^ allele, the read-depth data (see panel A and [S6 Fig](#pbio.3000610.s006){ref-type="supplementary-material"}) suggest that the other *D*. *chrysippus* morphs have the ancestral state, lacking the additional copies, as do the two outgroup species: *D*. *petilia* and *D*. *gilippus*. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Sex-linked inheritance of colour pattern and chr15 in a cured line.

(**A**) Sex linkage of forewing pattern controlled by the BC supergene. A female descending from the contact zone (top left) was cured of *Spiroplasma*. Her transiens phenotype indicated that she was heterozygous *Cc* ([Fig 1B](#pbio.3000610.g001){ref-type="fig"}). She was crossed with a *cc* male (black forewing tips) to produce the F1 brood shown. Male offspring (right) who would ordinarily have been killed by *Spiroplasma* expressed the dorippus (or transiens) phenotype without black forewing tips, indicating that they had all inherited the *C* allele from their mother (note that males can be identified by the additional large black spot on the hindwing). Female offspring (left) all expressed the chrysippus phenotype, indicating that they had inherited the recessive *c* allele from both parents. (**B**) Inheritance of two chr15 PCR markers (here designated P and Q) was tracked in the F5 brood of the cured line. One marker ('P') was heterozygous in the mother and showed complete sex linkage. The other marker ('Q') was heterozygous in the father and segregated independently of sex. These results are consistent with chr15 forming a neo-W in the mother, while both copies of the father's chr15 are autosomal. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Distribution of female-specific mutations identifies the neo-W lineage.

The 30 chromosomes are shown with each line representing an individual, coloured according to population: yellow = *D*. *c*. *dorippus*, red = *D*. *c*. *chrysippus*, green = *D*. *c*. *alcippus*, blue = *D*. *c*. *orientis*, pink = contact zone. Black points indicate the location of mutations shared by at least four females and absent from males. These are strongly clustered on chr15 and shared by a group of contact zone females, indicating that a conserved neo-W haplotype is shared by this female lineage. The noticeable absence of mutations on the proximal (left) region of chr15 reflects the large sequencing gaps corresponding to the expansion cluster in the *BC*^*dorippus*^ allele (see [S6 Fig](#pbio.3000610.s006){ref-type="supplementary-material"}). Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].

(PNG)

###### 

Click here for additional data file.

###### Identification of mutations and sequence reads specific to the neo-W.

Schematic representation of the bioinformatic pipeline to isolate the neo-W haplotype from unphased resequencing data. Due to the recency of its formation, sequencing reads from the neo-W are not significantly divergent and will therefore map to the reference genome chr15. The challenge is to separate reads that derive from the neo-W and autosomal haplotypes, despite them all mapping to the same parts of the reference genome. Our solution is to use diagnostic mutations that are unique to the neo-W haplotype and shared by the multiple individuals that carry the neo-W. We identified candidate mutations specific to the neo-W haplotype as those at which all 15 females in the neo-W lineage are heterozygous, while all 27 remaining individuals are homozygous. We then used these candidate neo-W specific mutations to extract sequence reads that are specific to the neo-W. These represent only a fraction of the chromosome, because they represent only the reads carrying diagnostic mutations and their paired-end partners. The identification of these neo-W specific reads allows the identification of additional mutations on the same read that occurred after the formation of the neo-W. These can be used to estimate genetic diversity across the neo-W (accounting for the large amount of missing data) and also to infer a genealogy for the neo-W.

(PNG)

###### 

Click here for additional data file.

###### Identification of *Spiroplasma* genome and infection status based on read depth.

(**A**) Sequencing read depth of coverage averaged by scaffold (y-axis, exponential scale) and plotted against scaffold length (x-axis, log scale). Depth is shown for a suspected infected female above and a female from the tetracycline-treated 'cured line' below. Scaffolds identified as belonging to the *Spiroplasma* genome are shown in red. The mitochondrial genome is shown in blue. (**B**) Bars show the average depth of reads mapping to the *Spiroplasma* genome for each resequenced *D*. *chrysippus* individual. Note that all females from the hybrid zone are found to be infected, with the exception of the single individual from the cured line. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\].

(PNG)

###### 

Click here for additional data file.

###### Association between mitochondrial haplotype and *Spiroplasma* infection.

(**A**) A whole mitochondrial maximum-likelihood phylogeny for the 42 resequenced individuals indicates that all infected *D*. *chrysippus* females belong to a single mitochondrial clade (here called the K lineage), consistent with strict matrilineal inheritance of *Spiroplasma*. Note that the single *D*. *petilia* male from Australia was found to be infected by a related *Spiroplasma* strain but has a different mitochondrial haplotype, indicating an independent infection. (**B**) COI haplotype network for 66 individuals further supports the finding that only K lineage individuals are infected. (**C**) A PCR assay (see [S11 Table](#pbio.3000610.s025){ref-type="supplementary-material"}) for an SNP specific to the K lineage applied to 158 individuals further confirms the finding that only the K lineage carries the infection. Note that one male was found to be infected, probably representing a rare survivor from an infected mother, as has been observed in some experimental crosses \[[@pbio.3000610.ref023]\]. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. COI, Cytochrome Oxidase Subunit I.

(PNG)

###### 

Click here for additional data file.

###### Evidence for hitchhiking of non-synonymous mutations on the neo-W.

Barplots(top) show the frequency distribution of synonymous (grey) and non-synonymous (black) polymorphisms in the neo-W lineage (i.e., contact-zone females carrying the neo-W chromosome). Values for chr15 are shown on the left and combined values across all other autosomes are shown on the right. Below, *P*~n~/*P*~s~ (the normalised ratio of non-synonymous to synonymous polymorphisms) is shown for each frequency class. Error bars show the 95% confidence interval based on 1,000 bootstrap replicates. These plots show that non-synonymous polymorphisms are generally skewed toward lower frequency but that chr15 carries a significant excess of non-synonymous polymorphisms at high frequency in the population. This is consistent with hitchhiking of previously rare mildly deleterious alleles to high frequency on the neo-W. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Seasonal migration and a genetic sink drive fluctuations in local wing pattern.

(**A**) Average monthly frequencies of the black forewing phenotype (*cc* genotype, *BC*^*orientis*^ and *BC*^*chrysippus*^ alleles) show how immigration of different subspecies into the contact zone varies seasonally (data from Smith and colleagues \[[@pbio.3000610.ref016]\], collected at Dar es Salaam between 1972 and 1975). (**B**) Phenotypes of females carrying the neo-W and *Spiroplasma* depend on the source of immigrant males (top row). Each generation, females (middle row) inherit both the neo-W and *Spirplasma* from their mother, and an autosomal chr15 copy from their immigrant father. The neo-W is recessive, causing these females to express their father's phenotype. After persisting in the female for one generation, the autosomal chr15 copy carrying the paternal allele is lost through male-killing, i.e., a genetic sink (bottom row). The progression from left to right illustrates how seasonal changes in the predominant source of immigrant males can drive corresponding changes in the phenotypes of the contact zone females. Data deposited in the Dryad repository \[[@pbio.3000610.ref036]\]. chr15, Chromosome 15.

(PNG)

###### 

Click here for additional data file.

###### Sequence data used for reference genome assembly.

(PDF)

###### 

Click here for additional data file.

###### Inferred genome properties based on k-mer content.

(PDF)

###### 

Click here for additional data file.

###### Final *D*. *chrysippus* assembly statistics.

(PDF)

###### 

Click here for additional data file.

###### Summarized results of the CEGMA analysis based on 248 CEGs.

CEG, Core Eukaryotic Genes; CEGMA, Core Eukaryotic Genes Mapping Approach.

(PDF)

###### 

Click here for additional data file.

###### BUSCO statistics for 3 clades.

(PDF)

###### 

Click here for additional data file.

###### Summary of gene features in *D*. *chrysippus* genome.

(PDF)

###### 

Click here for additional data file.

###### Orthogroups summary statistics.

(PDF)

###### 

Click here for additional data file.

###### Distribution of orthogroups in different species.

(PDF)

###### 

Click here for additional data file.

###### Sample information for population genomic analyses.

(PDF)

###### 

Click here for additional data file.

###### Closest genes to SNPs most strongly associated with colour pattern traits.

Shading indicates the best candidate gene(s) with the most nearby associated SNPs.

(PDF)

###### 

Click here for additional data file.

###### Details of genotyping assays.

(PDF)

###### 

Click here for additional data file.

###### Mitochondrial haplotype and infection status of 158 samples screened.

Screening for mitochondrial type was either through direct sequencing or PCR RFLP for a diagnostic SNP in the COI amplicon. Screening for infection status was either based on resequencing data (see [S11 Fig](#pbio.3000610.s011){ref-type="supplementary-material"}) or by PCR amplification of the *Spiroplasma* GDP gene. COI, Cytochrome Oxidase Subunit I; GDP, glycerophosphoryl diester phosphodiesterase; RFLP, restriction fragment length polymorphism.

(PDF)

###### 

Click here for additional data file.

###### 

(PDF)

###### 

Click here for additional data file.

We are grateful to Godfrey Amoni Etelej, Laura Hebberecht-Lopez, and Glennis Julian for support with butterfly rearing. We thank Roger Vila, Frank Jiggins, and David Pryce for providing samples, and Jenny York, Frank Jiggins, Deborah Charlesworth, and Greg Hurst for helpful comments.

chr15

:   Chromosome 15

COI

:   Cytochrome Oxidase Subunit I

GDP

:   glycerophosphoryl diester phosphodiesterase
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:   linkage disequilibrium
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:   megabase
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8 Aug 2019

Dear Simon,

Thank you for submitting your manuscript entitled \"Whole-chromosome hitchhiking driven by a male-killing endosymbiont\" for consideration as a Research Article by PLOS Biology.

Your manuscript has now been evaluated by the PLOS Biology editorial staff, as well as by an academic editor with relevant expertise, and I\'m writing to let you know that we would like to send your submission out for external peer review.

However, before we can send your manuscript to reviewers, we need you to complete your submission by providing the metadata that is required for full assessment. To this end, please login to Editorial Manager where you will find the paper in the \'Submissions Needing Revisions\' folder on your homepage. Please click \'Revise Submission\' from the Action Links and complete all additional questions in the submission questionnaire.

\*Please be aware that, due to the voluntary nature of our reviewers and academic editors, manuscripts may be subject to delays during the holiday season. Thank you for your patience.\*

Please re-submit your manuscript within two working days, i.e. by Aug 12 2019 11:59PM.

Login to Editorial Manager here: <https://www.editorialmanager.com/pbiology>

During resubmission, you will be invited to opt-in to posting your pre-review manuscript as a bioRxiv preprint. Visit <http://journals.plos.org/plosbiology/s/preprints> for full details. If you consent to posting your current manuscript as a preprint, please upload a single Preprint PDF when you re-submit.

Once your full submission is complete, your paper will undergo a series of checks in preparation for peer review. Once your manuscript has passed all checks it will be sent out for review.

Feel free to email us at <plosbiology@plos.org> if you have any queries relating to your submission.

Best wishes,

Roli

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

10.1371/journal.pbio.3000610.r002
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13 Sep 2019

Dear Simon,

Many thanks very much for submitting your manuscript \"Whole-chromosome hitchhiking driven by a male-killing endosymbiont\" for consideration as a Research Article at PLOS Biology. Your manuscript has been evaluated by the PLOS Biology editors, an Academic Editor with relevant expertise, and by three independent reviewers.

You\'ll see that the reviewers are broadly positive, but they all request some textual and presentational changes, plus a few analyses. In addition, reviewer \#2 has some more substantial requests, which the Academic Editor asks that you address with experimental data where appropriate.

IMPORTANT: While you submitted this paper as a full Research Article, we feel that it would be better considered as a Short Report. This is largely a cosmetic/editorial issue, but because the format has a maximum number of 4 main Figures, you will need to reduce your number of Figs by one. You can do this either by combining two existing Figs or by moving one to the Supplement. Please also select the article type \"Short Report\" when you re-submit.

In light of the reviews (below), we will not be able to accept the current version of the manuscript, but we would welcome resubmission of a much-revised version that takes into account the reviewers\' comments. We cannot make any decision about publication until we have seen the revised manuscript and your response to the reviewers\' comments. Your revised manuscript is also likely to be sent for further evaluation by the reviewers.

Your revisions should address the specific points made by each reviewer. Please submit a file detailing your responses to the editorial requests and a point-by-point response to all of the reviewers\' comments that indicates the changes you have made to the manuscript. In addition to a clean copy of the manuscript, please upload a \'track-changes\' version of your manuscript that specifies the edits made. This should be uploaded as a \"Related\" file type. You should also cite any additional relevant literature that has been published since the original submission and mention any additional citations in your response.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

Before you revise your manuscript, please review the following PLOS policy and formatting requirements checklist PDF: <http://journals.plos.org/plosbiology/s/file?id=9411/plos-biology-formatting-checklist.pdf>. It is helpful if you format your revision according to our requirements - should your paper subsequently be accepted, this will save time at the acceptance stage.

Please note that as a condition of publication PLOS\' data policy (<http://journals.plos.org/plosbiology/s/data-availability>) requires that you make available all data used to draw the conclusions arrived at in your manuscript. If you have not already done so, you must include any data used in your manuscript either in appropriate repositories, within the body of the manuscript, or as supporting information (N.B. this includes any numerical values that were used to generate graphs, histograms etc.). For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

For manuscripts submitted on or after 1st July 2019, we require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare them now, if you have not already uploaded them. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>.

Upon resubmission, the editors will assess your revision and if the editors and Academic Editor feel that the revised manuscript remains appropriate for the journal, we will send the manuscript for re-review. We aim to consult the same Academic Editor and reviewers for revised manuscripts but may consult others if needed.

We expect to receive your revised manuscript within two months. Please email us (<plosbiology@plos.org>) to discuss this if you have any questions or concerns, or would like to request an extension. At this stage, your manuscript remains formally under active consideration at our journal; please notify us by email if you do not wish to submit a revision and instead wish to pursue publication elsewhere, so that we may end consideration of the manuscript at PLOS Biology.

When you are ready to submit a revised version of your manuscript, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' where you will find your submission record.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive thus far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Best wishes,

Roli

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

REVIEWERS\' COMMENTS:

Reviewer \#1:

Summary

Martin et al. present a largely descriptive, but compelling, example of the recent spread of a neo-sex chromosome that is perfectly genetically linked to a male-killing endosymbiont. They show that the spread of these elements in this population has been recent and dramatic. Furthermore, the elements are perfectly linked, emphasizing the impact of sex-biased inheritance in amplifying the effects of a presumed selective sweep.

Overall the manuscript is extremely well written and the data are clearly presented. I have no major concerns with the methods presented and I am certain this will be of interest to the broad readership of PLOSbio.

Major

Overall I like the observation and generally think it's possible that spread of a selfish element has resulted in the spread of genetically linked mtDNA and the neo-W chromosome. However, it is also possible that selection has favored the neo-W either on its own or in addition to the spiroplasm infection. For example, it might be that the neo-sex chromosome experiences some amount of meiotic drive. In fact, if figure S6B reflects the average sex ratio associated with this chromosome, then the female-skew is significantly in excess of the expectation (p = 0.047, binomial test). In either event, the sex ratio of the cured line should be carefully examined and reported as an integral part of this work.

Furthermore, we might also expect meiotic drive of a linked-sex chromosome to evolve as a consequence of spiroplasm infection. I.e., this would mitigate the cost of male-killing by reducing the base rate of males. In either case, the combination of meiotic drive and female-skewed sex ratios could then also be adaptive for both genetic elements.

I acknowledge these possibilities are complicated and clearly there is not sufficient data to confidently exclude any (though again, what is the sex ratio of the cured line?), but the text currently presents a simple view that the mtDNA and neo-sex chromosomes are hitchhiking on the spiroplasm infection. A much more nuanced discussion is therefore needed to explain this observation and clarify the possible evolutionary causes.

Additionally, I understand that the coloration pattern is of historical significance, but I am unclear why so much of the work focuses on this. It seems like an interesting accident that there's an obvious phenotype associated with this neo-sex chromosome. In either event, I recommend reducing the section that focuses on coloration alleles since it is somewhat aside the main novelty of this work.

Minor

Lines 135-173. The weak association on chromosome 22 might also reflect errors in the scaffolding. The authors should acknowledge this alternative explanation, but need not discuss in detail since the overall pattern is obvious and this does not impact their primary conclusions.

Lines 189-191. I find the case in Joron et al. (2011) fairly compelling, though perhaps the authors are leaning on the identification of specific candidate genes. Regardless, I think this statement of novelty is pretty weak and recommend removing it.

Lines 214-215. Sample size is not mentioned in the main text for the cross experiment and this made me wonder how strong the results are. In figure S6 it is very clear that the sample size is sufficient to confidently support the authors' statement. I recommend including a short reference to the sample size and a P-value in the main text.

Line 250. The 100kb windows are non-independent due to linkage. I do not think a Wilcoxon test is the right choice for this. Though that's probably conservative here since the results support the null.

LIne 254. "Linage" should be lineage.

Fig 5. I find the crossing lines in the figure to be slightly confusing as they imply non-concordance between the neo-W and symbiont genealogies, when in fact, there is no evidence for this. I recommend rearranging the tree so these can be displayed cleanly as parallel lines.

Line 310. "unlinked" should probably be "physically unlinked".

The github repository appears to contain a large array of genomic analysis scripts. They are well documented, but it would be good to include the current versioning somewhere in the manuscript in case the scripts are changed at a later time.

Reviewer \#2:

Martin et al. have carried out a really interesting study that I think should be published. The authors provide pretty convincing support that a neo-W chromosome has hitchhiked to relatively high frequency via the spread of male-killing spiroplasma. This same (neo-W) chromosomal region contains two colour patterning loci, and due to male-killing the focal population consists of only infected females that carry identical colour patterning alleles. Their analyses provide some candidate genes for this colour pattern variation, although support is limited. Phylogenetic analyses suggest congruence of spiroplasma with the neo-W, supporting hitchhiking of the neo-W with spread of spiroplasma through the population. The lack of female recombination combined with male killing results in a population of only infected females that carry the same colour patterning allele. I have several comments that I hope the authors can address. I have put an asterisk on those comments that I think are the most important, but generally I like this paper and think it contains some really exciting biology that readers will enjoy.

\*Line 111: The authors should use dxy and compare to the fst results here since dxy makes interpretation much easier. Also, fst and population size are not related unless I misunderstand.

Line 168: Be more precise here instead of stating "nearly perfect".

\*Lines 174-181: How many other genes are in this area, and how many of those have strongly associated SNPs? There are not many data to really implicate arrow here, and informing the reader of other associated SNPs/genes would be useful. Perhaps a supplemental table for both the yellow and arrow regions that reports SNPs and genes would be useful.

\*Line 192: Is obtaining long read (nanopore eg) difficult for some reason in this system? I ask because it would be incredibly useful here, for isolation of the neo W below, etc. In a few weeks it seems the authors could have these data, which would enable them to answer several of the outstanding questions. Unless this is particularly difficult in this system I would urge the authors to consider it.

Line 197: How divergent is H. Melpomene? This would be useful to know when considering the synteny comparison.

\*Line 210: Are your species infected with Wolbachia or other endosymbionts? Perhaps this is reported and I missed it, but knowing that spiroplasma is the only reproductive manipulator in the text here is crucial.

Line 227: How is this region "neutral"? Please change the language unless there is compelling support for this.

\*Also, do you have data indicating spiroplasma was cured? Tetracycline is often required over multiple generations to ensure low titer infections do not persist. This will also eliminate all of the gut/other microbes? Were any steps taken to reseed the microbiome (eg allowing females time on food where other individuals had previously eaten)? It seems unlikely that anything else is influencing sex ratios, but the authors should provide more detail to convince the reader.

Line 263: What accounts for the 20% reduction? This surprised me and seems much higher than theoretically expected, no?

\*Line 285: Based only on reads? Do you have qPCR data? Reads alone are not sufficient in our experience.

\*Line 308: B - So the vast majority of nodes have VERY low support? Please report all of the node support and be clear when you can say very little about support for congruence. (I agree with your interpretation, but you should probably be a little more cautious if node support is not great.)

Line 348: Add a bit more here because it isn't clear to me why this is support for pre-existing deleterious mutations.

\*Line 354: What is the overall distribution of spiroplasma in this species/subspecies, and can you say more about why it seems so restricted here? What is expected in terms of spiroplasma spread? Given the time of the association is it surprising that spiroplasma is so geographically restricted here? Other endosymbionts like Wolbachia rapidly spread over a few decades. Is that not expected for spiroplasma? Hurst, Turelli, or others must have relevant theory on this. It seems like there might be something interesting to say given seasonal fluctuations in immigrant males, which are essential given male killing.

Line 367: How far do males disperse? How does it vary seasonally (specifically).

\*Line 459: Is there some justification for the chosen model/approach here? With no partitioning the model assumes everything evolves at the same rate across codon positions. Why not partition the data or assess how assuming rate variation among sites using GTR + G affects the results?

\*Figure 3: The colors in B are difficult at times; specifically, the "x"'s are too light, and distinguishing dorippus and alcippus colors will be difficult for some.

Reviewer \#3:

This manuscript recounts a story of a selfish male-killing bacteria driving the evolution of a neo sex chromosome which also carries a tri-allelic colour polymorphism locus. This work goes some way towards working out the genetics and population genetics of this system, using sequence data and a bit of genetics. Truly fascinating stuff.

The manuscript could use greater clarity and a bit of fleshing out on a few points, however. In particular, it\'s a very complex system, and I frequently found myself referring back to figure 1, but wishing for more a more comprehensive version of this figure, including information about sample sizes and Spiroplasma infection. A brief overview of the analyses at the beginning of the results would also help.

In general, I found a few comments, e.g., \'To our knowledge, ours is the first example of a butterfly supergene in which the data strongly support the existence of two distinct genes that independently affect colour pattern maintained in LD by suppressed recombination.\' strangely defensive. The system is far more interesting that this faint praise would suggest. (Though, as this is purely a stylistic point, I won\'t complain if they keep this sentence.)

Further, several meiotic drive systems in Drosophila show similar evolutionary patterns (LD between distant loci, most notably in D. pseudoobscura, chromosome-wide hitchhiking), and should be cited where appropriate (see, e.g, Laurracuente et al. 10.1534/genetics.112.141390, Cazemajor GENETICS October 1, 1997 vol. 147 no. 2 635-642, Wu and Beckenbach GENETICS September 1, 1983 vol. 105 no. 1 71-86, Dyer et al. <https://doi.org/10.1073/pnas.0605578104>).

There is also a similar kind of story in Heliconius currently on bioarxiv doi: <https://doi.org/10.1101/736504>.

Lines 129-137: What are the statistics for the associations mentioned here?

Line 188\-- \'distinct functional loci\' is vague here

Line 220\-- what is the evidence for the complete suppression of recombination in females of this species? (I know its thought to be generally true for Lepidoptera, but thought there were exceptions.)

Line 270\-- I found the argument that the selection is due to Spiroplasma vs. colour morphs unconvincing: under some models, recessive alleles can spread. In this case, where the frequency of the recessive allele is elevated by linkage to the W, this seems especially true.

Figure 3\-- having the names repeated over the heterozygotes, with the dominant allele bolded, would help make this figure clearer (particularly when printed in black & white).

Line 346\-- can this prediction be tested quantitatively\-- is the Pn/Ps ratio for singletons statistically similar to that seen for the high-frequency mutations? It\'s a bit hard to tell from figure S11, as the colour scale has no numbers, but it seems like it might be a bit higher, suggesting that there has been some accumulation of mutations.

10.1371/journal.pbio.3000610.r003
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9 Dec 2019

Dear Simon,

Thank you for submitting your revised Research Article entitled \"Whole-chromosome hitchhiking driven by a male-killing endosymbiont\" for publication in PLOS Biology. I\'ve now obtained advice from the original reviewers and have discussed their comments with the Academic Editor.

Based on the reviews, we will probably accept this manuscript for publication, assuming that you will modify the manuscript to address the remaining points raised by the reviewers. Please also make sure to address the data and other policy-related requests noted at the end of this email.

IMPORTANT:

a\) Please attend to the remaining requests from reviewer \#3.

b\) Please attend to my Data Policy request further down.

We expect to receive your revised manuscript within two weeks. Your revisions should address the specific points made by each reviewer. In addition to the remaining revisions and before we will be able to formally accept your manuscript and consider it \"in press\", we also need to ensure that your article conforms to our guidelines. A member of our team will be in touch shortly with a set of requests. As we can\'t proceed until these requirements are met, your swift response will help prevent delays to publication.

\*Copyediting\*

Upon acceptance of your article, your final files will be copyedited and typeset into the final PDF. While you will have an opportunity to review these files as proofs, PLOS will only permit corrections to spelling or significant scientific errors. Therefore, please take this final revision time to assess and make any remaining major changes to your manuscript.

NOTE: If Supporting Information files are included with your article, note that these are not copyedited and will be published as they are submitted. Please ensure that these files are legible and of high quality (at least 300 dpi) in an easily accessible file format. For this reason, please be aware that any references listed in an SI file will not be indexed. For more information, see our Supporting Information guidelines:

<https://journals.plos.org/plosbiology/s/supporting-information>

\*Published Peer Review History\*

Please note that you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*Early Version\*

Please note that an uncorrected proof of your manuscript will be published online ahead of the final version, unless you opted out when submitting your manuscript. If, for any reason, you do not want an earlier version of your manuscript published online, uncheck the box. Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us as soon as possible if you or your institution is planning to press release the article.

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

\*Submitting Your Revision\*

To submit your revision, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' to find your submission record. Your revised submission must include a cover letter, a Response to Reviewers file that provides a detailed response to the reviewers\' comments (if applicable), and a track-changes file indicating any changes that you have made to the manuscript.

Please do not hesitate to contact me should you have any questions.

Sincerely,

Roli

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

ETHICS STATEMENT:

The Ethics Statements in the submission form and Methods section of your manuscript should match verbatim. Please ensure that any changes are made to both versions.

\-- Please include the full name of the IACUC/ethics committee that reviewed and approved the animal care and use protocol/permit/project license. Please also include an approval number.

\-- Please include the specific national or international regulations/guidelines to which your animal care and use protocol adhered. Please note that institutional or accreditation organization guidelines (such as AAALAC) do not meet this requirement.

\-- Please include information about the form of consent (written/oral) given for research involving human participants. All research involving human participants must have been approved by the authors\' Institutional Review Board (IRB) or an equivalent committee, and all clinical investigation must have been conducted according to the principles expressed in the Declaration of Helsinki.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

DATA POLICY:

You may be aware of the PLOS Data Policy, which requires that all data be made available without restriction: <http://journals.plos.org/plosbiology/s/data-availability>. For more information, please also see this editorial: <http://dx.doi.org/10.1371/journal.pbio.1001797>

Note that we do not require all raw data. Rather, we ask that all individual quantitative observations that underlie the data summarized in the figures and results of your paper be made available in one of the following forms:

1\) Supplementary files (e.g., excel). Please ensure that all data files are uploaded as \'Supporting Information\' and are invariably referred to (in the manuscript, figure legends, and the Description field when uploading your files) using the following format verbatim: S1 Data, S2 Data, etc. Multiple panels of a single or even several figures can be included as multiple sheets in one excel file that is saved using exactly the following convention: S1_Data.xlsx (using an underscore).

2\) Deposition in a publicly available repository. Please also provide the accession code or a reviewer link so that we may view your data before publication.

Regardless of the method selected, please ensure that you provide the individual numerical values that underlie the summary data displayed in the figure panels. My understanding is that you have deposited these in Dryad, but we will need a reviewer link or login to check the Dryad data provision before we can proceed. NOTE: the numerical data provided should include all replicates AND the way in which the plotted mean and errors were derived (it should not present only the mean/average values).

Please also ensure that figure legends in your manuscript include information on where the underlying data can be found (i.e. Dryad URL), and ensure your supplemental data file/s has a legend.

Please ensure that your Data Statement in the submission system accurately describes where your data can be found.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

REVIEWERS\' COMMENTS:

Reviewer \#1:

The authors have completely addressed my concerns.

Reviewer \#2:

The authors have provided thoughtful responses to each of my comments. I have no additional comments or requests. I look forward to seeing this very interesting work published.

Reviewer \#3:

I find this manuscript, already very interesting, has been further improved by the changes made in response to the reviews, in particular the addition of more statistical analyses of the arguments made, and further discussion of points that were a bit neglected before. I think there are a few niggling points where additional clarity would make the manuscript even better, but I\'m sure the authors can easily address these suggestions.

-Forgive me if I\'m being dense, but I\'m struggling to understand the meiotic drive argument. As I understand it, the broods of neo-W carrying females are very female biased due to the strong association between the neo-W and the male-killing Spiroplasma (perfect, in the case of the sample in this study). I think the other reviewer perhaps has some Fisherian sex ratio argument in mind, but are they assuming that the neo-W also occurs in non-Spiroplasma infected females (thus reducing the \'base rate\' of males)? In any case, I think it would help to flesh out how this system would work for readers (like me) who don\'t find it intuitive. I do agree that with the larger point of reviewer 1, however, that the added nuance in the discussion has improved the paper, as has the discussion of the sex ratio of cured lines.

-What is the association between the neo-W and Spiroplasma in the wild? (Or, perhaps there\'s more data for male-killing and the colour polymorphism.) Ten wild-caught females with the right colour pattern and no male killing are document in reference 48\-- do we know what proportion this is of the population? Presumably Spiroplasma isn\'t inherited perfectly, so there should be some neo-W females with no male-killing. If the central hypothesis of the paper is right, however, these should be rare.

Line 271\-- three orders of magnitude?

Line 338\-- \'this\' is ambiguous here; can this sentence be rephrased?

Line 380-381\-- \'higher than for singletons on autosomes\' may require a little more explanation. Something like \'higher than expected number of mutations captured on a random copy of an autosome\', but more gracefully phrased, would be good.

There are random extra spaces throughout.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--
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23 Jan 2020

Dear Dr Martin,

On behalf of my colleagues and the Academic Editor, Dr. Harmit S. Malik, I am pleased to inform you that we will be delighted to publish your Short Reports in PLOS Biology.

The files will now enter our production system. You will receive a copyedited version of the manuscript, along with your figures for a final review. You will be given two business days to review and approve the copyedit. Then, within a week, you will receive a PDF proof of your typeset article. You will have two days to review the PDF and make any final corrections. If there is a chance that you\'ll be unavailable during the copy editing/proof review period, please provide us with contact details of one of the other authors whom you nominate to handle these stages on your behalf. This will ensure that any requested corrections reach the production department in time for publication.

Early Version

The version of your manuscript submitted at the copyedit stage will be posted online ahead of the final proof version, unless you have already opted out of the process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

PRESS

We frequently collaborate with press offices. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximise its impact. If the press office is planning to promote your findings, we would be grateful if they could coordinate with <biologypress@plos.org>. If you have not yet opted out of the early version process, we ask that you notify us immediately of any press plans so that we may do so on your behalf.

We also ask that you take this opportunity to read our Embargo Policy regarding the discussion, promotion and media coverage of work that is yet to be published by PLOS. As your manuscript is not yet published, it is bound by the conditions of our Embargo Policy. Please be aware that this policy is in place both to ensure that any press coverage of your article is fully substantiated and to provide a direct link between such coverage and the published work. For full details of our Embargo Policy, please visit <http://www.plos.org/about/media-inquiries/embargo-policy/>.

Thank you again for submitting your manuscript to PLOS Biology and for your support of Open Access publishing. Please do not hesitate to contact me if I can provide any assistance during the production process.

Kind regards,

Krystal Farmer,

Development Editor

PLOS Biology

on behalf of

Roland Roberts,

Senior Editor
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